We have developed a versatile plasmid vector (pReco<r) for recombination studies. When linearized and introduced into the cells of interest, pReco-allows the simultaneous determination of the relative frequencies of homologous recombination versus nonhomologous DMA-end joining (also termed end-to-end joining), the latter an example of illegitimate recombination processes. As a system we made use of stage VI oocytes and fertilized eggs of the African clawed frog Xenopus laevis, which were previously described to support homologous recombination and DMA-end joining, respectively. Extending these earlier findings, we show that oocytes yield >80% of the homologously recombined product, whereas in eggs a highly efficient DMA-end joining activity predominates Both reactions, homologous recombination and DMA-end joining, are shown to occur quickly, with the majority of the respective products being formed within the first 20 minutes of incubation under optimal conditions. In fertilized eggs, up to 50% of all injected linear DMA molecules are recircularized by DMA-end joining. With high amounts of injected DMA per fertilized egg, DMA-end joining is reduced, presumably due to competition for essential factors, and homologous recombination becomes readily detectable.
Introduction
Genetic recombination represents a ubiquitous cellular process, the basic events of which consist of breakage and reunion of chromosomal DNA segments. Conventionally, recombination events are divided into homologous events, which depend on extensive sequence homology and are thought to proceed through heteroduplex intermediates, and nonhomologous or illegitimate events, which show no or only limited sequence-dependence. These illegitimate processes include DMA-end joining (also termed end-to-end joining) which results in covalent joining of all kinds of noncomplementary DMA-termini. Examples of homologous recombination include alleleshuffling during sexual DMA exchanges (in prokaryotes; Lederberg and Tatum, 1946) and during meiosis (in eukaryotes; Stahl, 1979) , sister chromatid exchange (Latt, 1981) and interchromosomal recombination during mitosis (Kunz and Haynes, 1981; Wasmuth and Vock, 1984) . Nonhomologous events play an important role in chromosomal translocations and rearrangements (Gerondakis et a/., 1984; Meuth, 1989) , transpositions of retroviruses and transposable elements (Shapiro, 1983) , the integration of viral DMA into chromosomes (Gahlmann and Doerfler, 1983) , the rearrangement of immunoglobulin and T-cell receptor genes (Honjo, 1983; Malissen etal., 1984; Yanagi et a/., 1984) and the class switching of antibody heavy chain genes (Davis et a/., 1980) . Moreover, both types of recombination are part of the essential cellular DMA repair machinery that eliminates potentially lethal DMA doublestrand breaks (Orr-Weaver and Szostak, 1983 ; reviewed in Friedberg et a/., 1995; Weaver, 1995; Shinohara and Ogawa, 1995) . This is stressed by the fact that linear DMA introduced into somatic mammalian cells is efficiently recombined via both homologous and nonhomologous pathways (Wake and Wilson, 1979; Perucho etal., 1980; Wake and Wilson, 1980; Wilson etal., 1982) . In contrast to homologous recombination, DNA junctions generated by nonhomologous DMA-end joining often contain base exchanges and nucleotide losses or gains around the junctional breakpoints Roth and Wilson, 1988 ; see also Weber et al., 1984) . Thus nonhomologous joining events are potentially mutagenic and might lead to genetic diseases and cancer (Meuth, 1989; Phillips and Morgan, 1994) . Since somatic cells of multicellular organisms are diploid and, in addition, contain a high percentage of nonessential DMA, the probability for such serious consequences is however rather low (see Discussion).
In somatic cells of higher eukaryotes, the level of homologous recombination is generally about two orders of magnitude below the one of nonhomologous recombination. Targeted integration of exogenous DMA at its homologous chromosomal location is, for example, masked by a much higher frequency of random integration (Folger et al., 1984; Lin et al., 1984; Smith and Berg, 1984; Smithies et al., 1984) . This ratio is just inverse to the situation in prokaryotes and baker's yeast (Hinnen et al., 1978; Scherer and Davis, 1979; Orr-Weaver etal., 1981) .
For a fast and easy determination of the relative ratios of both recombination reactions, we developed a convenient assay system in which the linearized recombination substrate plasmid pReco-σ, upon introduction into the cells of interest, can be recombined via either pathway. In this study, the substrate DMA, together with the internal reference plasmid pCml 84, is microinjected into Xenopus laevis stage VI oocytes and fertilized eggs which are known to support homologous recombination and nonhomologous DMA-end joining, respectively (Carroll, 1983; Carroll etal., 1986; Pfeiffer and Vielmetter, 1988 ; see also Rusconi and Schaffner, 1981) . We were able to extend current knowledge about recombination in these cells and show that, under optimal conditions, both events are very fast with the majority of the respective products being produced within the first 20 min after injection. Moreover, in absolute terms, the activity of the homologous recombination system, which is the dominant recombination activity in the oocyte, remains unchanged as oocytes mature into fertilizable eggs.
Results

General Overview of the Recombination Assay
As a substrate for the presented recombination assay we constructed the plasmid vector pReco-σ the circular form of which contains a disrupted Tef-gene ([Tet] AB and BC, see Figure 1A ) that is characterized by a partial internal duplication of 276 bp length (designated B in Figure 1A ). The inserted DMA consists of a multiple cloning site oligonucleotide (see Materials and Methods), a functional Kan r -gene and a 1.1 kb spacer DMA segment. As shown in Figure 1B pReco-σ is linearized by a Sacl/Bglll double digest which releases the 1.1 kb spacer fragment. The function of this spacer fragment is to control for complete- The inserted DMA consists of a multiple cloning site oligonucleotide, a functional Kan r -gene and a 1.1 kb spacer DMA segment. This spacer may contain an additional antibiotic resistance gene such as gentamycin. (B) Digestion of pReco-σ with Sacl/Bglll results in the linearized recombination substrate of 5.6 kb length. After introduction into the cells under investigation, the linearized vector can be recircularized by either homologous recombination or nonhomologous DMA-end joining resulting in plasmids conferring Tet-resistance (pAT*153) or Kan-resistance (pAP-Kan), respectively. (C) As an internal standard for the efficiency of DMA recovery the chloramphenicol-resistance plasmid pCm184 was used.
ness of the linearization and to distinguish the products of cellular DMA-end joining from contaminating input plasmids. More recently, we have used a gentamycin-resistance gene as a spacer, which further faciliates analysis (our unpublished data). The incompatible DMA ends generated this way should eliminate recircularization by simple ligation of cohesive ends in the oocytes and fertilized eggs. After gel purification the linearized plasmid is microinjected together with the internal reference plasmid pCml 84 ( Figure 1C) into Xenopus laevis stage VI oocytes and fertilized eggs and incubated for different time periods as indicated. Oocytes and eggs are lysed and DMA is extracted as described in Materials and Methods. The cellular recombination events can be quantified by electroporation of the recovered DMA into Escherichia coli DH5; homologous recombination yields tetracycline-resistant colonies (pAT* 153; Figure 1B ) whereas nonhomologous DMA-end joining results in kanamycin-resistance (p PKan; Figure 1B ). This allows for the simultaneous determination of both types of DMA recombination events in the same cell. To quantify and compare the efficiencies of the two recombination processes under various assay conditions, the DMA recovery of each sample can be monitored by the coinjected circular reference plasmid pCm184 ( Figure 1C ) via the number of chloramphenicolresistant colonies.
Fertilized Eggs Almost Exclusively Show DMA-End Joining, while in Oocytes Homologous Recombination Predominates
The relative ratios of homologous recombination versus DMA-end joining, i.e. Tef-versus Kan r -colonies, were determined by a time course up to 21 h after injection of the linear DMA substrate into oocytes and fertilized eggs. The zero time point was obtained by direct lysis immediately after injection. For oocyte injections typically 1 ng of linearized pReco-σ was used. Fertilized eggs were usually only given 0.2 ng because they do not tolerate higher DMA doses without severe disturbance of proper embryonic development (Rusconi and Schaffner, 1981) . Deleterious effects due to the microinjection procedure could be monitored by controlling for proper propagation through the early developmental stages of Xenopus embryogenesis. The first cell cleavage could be seen about one hour after injection and after 20 h the embryos were in stage 12 of embryonic development. For all time points only embryos without any obvious defects were collected.
During the whole time course fertilized eggs almost exclusively performed DMA-end joining, the relative ratio of which never fell below 95% of total colonies. The high level of Kan r -colonies was reached very quickly, i.e. already after 10 min of incubation ( Figure 2A ). Thus these data are in good agreement with previous work showing a very efficient DMA-end joining activity in Xenopus eggs (Pfeiffer and Vielmetter, 1988; Thode et a/., 1990) . Furthermore, the reaction was predominantly intramolecular resulting exclusively in monomeric recircularized plasmids as revealed by isolation of plasmid DMA from Kan r -colonies (data not shown). Intramolecular joining is strongly favoured by injecting low amounts of DMA below the nanogram range (Pfeiffer and Vielmetter, 1988; Goedecke et a/., 1992) as used in this study.
In oocytes an inverse picture was observed. At all time points the main product was the homologously recombined product yielding Tef-colonies. Although this predominance was very pronounced and the percentage of Tef-colonies always lay between 83% and 98% (with the exception of the six hour time point showing 73%; Figure  2B ), the variability in the oocytes was somewhat higher than in the eggs (Figure 2 ). These findings are consistent with data of D. Carroll and colleagues (Lehman et a/., 1993) , where a homologous recombination activity was demonstrated to increase during oogenesis and be highly active in stage VI oocytes. Similar to the DMA-end joining activity in fertilized eggs, the final level of homologous recombination in oocytes was reached already after 20-30 min of incubation ( Figure 2B ; see also Figure 4B and D) and the reaction was intramolecular (data not shown). Therefore, the presented recombination assay is suitable for the parallel determination of both homologous recombination and DMA-end joining in cells.
Both Oocytes and Fertilized Eggs Show a Significant and Rapid Net Increase in the Absolute Number of Tef-and Kan r -Colonies with Time, Respectively
In principle, the detection of Kan r -and Tef-colonies in our assay could be explained by a residual contamination of undigested, circular plasmid in the injected material, or the generation of circular products in the bacteria after electroporation. However, the rapid and significant net increase in the number of Kan r -and Tet r -colonies as shown in Figures 3 and 4 is the major argument against a mere recovery of input contaminants. For normalization of the recombination efficiency, we used the number of Cm rcolonies derived from the coinjected circular chloramphenicol-resistance plasmid pCm184 ( Figure 1C ). As shown in Figure 3D for the fertilized eggs, the absolute number of Kan r -colonies increases dramatically; during the first 20 min of the incubation period more than 80% of the product is formed. This initial phase is characterized by an about 600-fold increase in the absolute number of Kan rcolonies. This indicates that the DMA-end joining system is very fast and highly efficient. In striking contrast there is only a moderate increase in the number of Tef-colonies (about 5-fold in the first 20 min, about 20-fold after 21 h) indicating that there is only a weak homologous recombination activity in fertilized eggs under these conditions (see Discussion).
The corresponding results for the oocytes are shown in Figure 4D . Similar to DMA-end joining in fertilized eggs ( Figure 3D ) the homologous recombination reaction is also quite fast and is mostly completed after an initial phase of 20 min (see also Figure 4B ). Despite this similarity in the reaction kinetics between oocytes and fertilized eggs for 0.2 ng and 1 ng of injected DMA, respectively, in the oocytes there is only an about 50-60-fold net increase in the number of Tef-colonies with time. This indicates that with the vector pReco-σ the homologous recombination system is less efficient, or rather gains access to fewer molecules, than the DMA-end joining system in the fertilized eggs (see Discussion). With 10 ng of injected DMA, the reaction seems to be slower and extrapolation of the curve suggests that more product might be expected with longer incubation periods ( Figure 4C ). Therefore, the net increase in Tef-colonies in this case (about 15-fold) is rather an underestimate. The significant increase in colony number due to homologous recombination contrasts to the very weak increase in Kan r -colonies ( Figure 4D ; about 10-fold after several hours) reflecting a negligible fertilized egg / early embryo 0.2ngDNA DNA-end joining activity in the oocyte as compared to the egg.
Thus, the clear and steady increase in colony number in both oocytes and eggs during the course of the experiment demonstrates that the observed colonies are due to genuine recombination processes that take place in the Xenopus cells.
Very Low Extent of DNA Replication in Both Oocytes and Fertilized Eggs
The fact that the main increase in Kan r -and even in Tefcolonies occurs within the first 20 min after injection argues, by itself, against a significant amplification of colony numbers due to DNA replication. As an additional control, the numbers of Cm r -colonies were determined for all samples. These colonies are derived from the coinjected circular reference plasmid pCm184. The number of Cm rcolonies during the time course should be a measure for the replication of injected DNA, which has been reported to take place in Xenopus eggs even in the absence of bonafide replication origins (Harland and Laskey, 1980; Rusconi and Schaffner, 1981; Mechali and Kearsey, 1984) . The average amplification of -globin gene-containing plasmids was about 50-fold during the long time between zygote and early gastrula (Rusconi and Schaffner, 1981) .
The time course for the number of Cm r -colonies for both oocytes and eggs is shown in Figure 5 . In oocytes which usually do not seem to replicate injected DNA (Gurdon et a/., 1969; Harland and Laskey, 1980; Laskey et a/., 1983; Cox and Leno, 1990; Zhao and Benbow, 1994) there is a weak but steady increment, whereby the maximum is reached after 6 h resulting in a close to threefold increase. A similar small increase (about twofold after 2 h) is observed in the fertilized eggs. Therefore, even under the assumption that these variations are in fact due to DNA replication and that the test plasmid pReco-σ is replicated to a similar extent, most of the observed net increase in colony numbers can only be attributed to cellular recombination events.
Increasing Amounts of Injected DNA Favours Homologous Recombination over DMA-End Joining in Both Oocytes and Eggs
Since there was evidence for a relatively weak residual homologous recombination activity in fertilized eggs ( Figure  3D ; see also Lehman et a/., 1993) we investigated the influence of the amount of injected DNA, reasoning that when the available substrate concentration was in- In oocytes the maximal level is reached after six hours (less than 3-fold), in fertilized eggs after two hours (about 2-fold). After 20 h the amount of pCm184 is approximately doubled in the oocytes while no net increase is observed in the fertilized eggs/early embryos.
creased, the ratio of DNA-end joining to homologous recombination might change one way or the other due to exhaustion of an essential component(s). Different amounts of DMA were injected (0.2 ng, 1 ng and 10 ng per cell) and the cells were harvested at various time points after injection. The incubation period never exceeded one hour because the amount of injected DNA was far above the tolerable amount of 0.2 ng per egg which would still allow for proper embryonic development. For comparison the same experiments were also carried out in oocytes.
When more and more DNA was injected into fertilized eggs, the homologous recombination activity was indeed becoming more prominent ( Figure 3A-C) . In the case of the 10 ng injection, an about 20-fold increase in Tef-colonies was observed after one hour of incubation when compared to the 0.2 ng injection. Extrapolating the slope of the time curve, the maximal value was likely to be even higher given a prolonged incubation time ( Figure 3C ). The increased background in Tef-colonies at the zero time points (see also Figure 4A -C) was due to increasing amounts of contaminating traces of circular Tef-plasmids in the linear DNA substrate preparation. This could be demonstrated by direct electroporation of E. collDH5 with linear DNA (i.e. DNA that was not passaged through oocytes or eggs): increasing amounts of such DNA showed the same proportional increase in Tef-colony numbers as the zero points in Figure 3A -C (data not shown; see Discussion). The significant decrease of Kan r -colonies in the 10 ng injection probably reflects an exhaustion of the highly active DNA-end joining system (see Discussion). Thus there is indeed a relatively weak homologous recombination activity observed in fertilized eggs (Lehman et a/., 1993) , and it is worth pointing out that in absolute terms, we found this activity to be as high as the one in oocytes (compare numbers of Tef-colonies in Figure 3A -C to Figure 4A-C) . In fertilized eggs/early embryos, homologous recombination is simply more difficult to detect because of the overwhelming efficiency of the DNA-end joining system that competes for the same substrate.
In the oocytes a similar picture is observed for the homologous recombination (number of Tef-colonies in Figure 4A-C) , i.e. the number of Tef-colonies is proportional to the amount of injected DNA. However, there was little, if any, DNA-end joining activity in the oocytes even with very high amounts of injected DNA (Figure 4A -C; see also Goedecke et a/., 1992) . Thus the DNA-end joining activity becomes the predominant recombination/repair pathway only after complete egg maturation whereas the homologous recombination activity remains constant throughout late germ cell maturation and embryonic development (Lehman efa/., 1993) .
The Efficiency of the DMA-End Joining System in the Egg Decreases Drastically with Increasing Amounts of Injected DNA while the Lower Activity of the Homologous Recombination System Remains Unaffected
The efficiency of the two recombination systems (indicating the percentage of successfully recircularized DNA molecules) can be calculated from the absolute numbers of Tef-and Kan r -colonies, the DNA recovery which is determined by the number of Cm r -colonies and the competence of the electroporated bacteria (approximately 1 χ 10 9 Vg pUC18; Table 1 ). For the DNA-end joining system in the fertilized eggs, the recovery of recircularized plasmids decreases from about 50% with 0.2 ng DNA and 10-15% with 1 ng DNA to below 1 % with 10 ng DNA. Thus the efficiency is inversely proportional to the amount of injected DNA (see also Discussion) even though there is a slight increment (about 1.3-fold) in the absolute number of Kan r -colonies when the amount of injected DNA is increased from 0.2 ng to 1 ng per cell (Table 1 ). The efficiency of homologous recombination in the oocytes is much less influenced by the DNA amount and remains more or less stable over the tested concentration range. However, as mentioned before, the yield of molecules circularized by homologous recombination is much lower in that only 0.3-0.7% of the linear substrate molecules are recovered as Tef-colonies. This low efficiency might be determined, at least in part, by the structure of the recombination substrate pReco-σ where one of the homologous DNA sequences is extended by 1.4 kb of nonmatching DNA (see Figure 1Β and Discussion). Moreover, in absolute terms the increase in Tef-colonies is approx- innately proportional to the amount of injected DNA (Table 1) .
Low but Bona Fide DNA-End Joining Already in Stage VI Oocytes
As shown in Figure 4D , there was an about 10-fold increase in Kan r -colonies after several hours of incubation in the oocytes, indicating some DMA-end joining activity. However, a trivial explanation might have been that this increase was partly or completely the result of replication of undigested input plasmid. To test for that possibility, Kan r -colonies recovered from oocytes were investigated for the presence of the 1.1 kb spacer DNA insert (Figure  1 A) . In fact, none of the plasmids from both oocytes and eggs were found to contain the spacer insert (data not shown). This means that even stage VI oocytes are capable of joining noncomplementary DNA ends via bona fide DNA-end joining, even though the activity is negligible when compared to the one in mature eggs. Thus the assay presented here might be more sensitive than previously used techniques (Goedecke etal., 1992) .
Interestingly, there was more junction variability in the plasmids recovered from oocytes when compared to the ones from eggs, as measured by the length of Xhol/Sallexcised fragments (Figure 6 ; see also Lehman and Carroll, 1991; Lehman et ai, 1994) . This probably reflects a stronger exonucleolytic resection and/or weaker protection of DNA ends by 'alignment factor(s)' in oocytes versus eggs. An exonuclease activity has indeed been detected in oocytes, and exonucleolytic trimming of linear DNA represents the first step in the pathway for homologous recombination, the so-called single strand annealing mechanism (Maryon and Carroll, 1989; Maryon and Carroll, 1991 a) . Thus, in the oocytes, the majority of DNA molecules is probably processed via the single strand annealing mechanism to yield homologously recombined products conferring Tet-resistance, while a few molecules are end-joined to yield Kan r -plasmids. 36 Kan r -colonies derived from injections into both stage VI oocytes and fertilized eggs were analyzed for heterogeneity at the junction site. Plasmid DNA was cleaved with Xhol and Sail and run on an 1.6% agarose gel (for locations of restriction enzymes sites see Figure 1 A) . From each group of 36, the 11 most deviant plasmids were analyzed once more on a long, high resolution 4% agarose gel, and the sizes of the fragments containing the junction were determined. Only resections and no insertions of nucleotides were observed in this analysis. The oocyte junctions (A) had deletions of up to 125 nucleotides, while the more homogenous egg junctions (B) were trimmed by no more than 30 bp.
Discussion Homologous Recombination and Nonhomologous DNA-End Joining Prevail in Oocytes and Zygotes, Respectively
Fertilized eggs and early embryos of the African clawed frog Xenopus laevis are able to efficiently join any two DNA ends by a nonhomologous recombination mechanism that is referred to as DNA-end joining or end-to-end joining (Pfeiffer and Vielmetter, 1988 ; see also Rusconi and Schaffner, 1981) . From detailed studies with model sub-strates, it is known that this DMA-end joining activity is more sophisticated than originally anticipated. Obviously, free DMA ends are not just repaired by DMA polymerase and then ligated. It was concluded that the DNA ends are juxtaposed by some cellular factor (Thode et al., 1990; Pfeiffer et al., 1994a; Pfeiffer et al., 1994b; Reichenberger et al., 1996) because the repair polymerase can also copy across two unligatable single-strands. It remains to be seen whether this so-called alignment factor(s) is related to the apparatus that performs site-directed recombination of immunoglobulin and T-cell receptor genes (reviewed in Jackson and Jeggo, 1995; Weaver, 1995) . The strong DNA-end joining activity is characteristic for frog eggs and early embryos; it was hardly, if at all, detectable in oocytes, and there is a dramatic boost of the activity when oocytes mature into unfertilized eggs (Goedecke et al., 1992) . From studies by D. Carroll and colleagues (Carroll, 1983; Carroll et al., 1986) it is also known that Xenopus oocytes, like most cells studied so far, are able to join two overlapping identical sequences via homologous recombination. From these independent sets of data one would tentatively conclude that in oocytes and eggs, homologous and nonhomologous recombination would predominate, respectively. However, there was also a report on homologous recombination in 'activated' but unfertilized eggs (Lehman etal., 1993) . Therefore, in order to determine both homologous recombination and nonhomologous DNA-end joining simultaneously, we developed a simple and fast assay system consisting of the plasmid vector pReco-σ which allows a direct comparison of the two processes with one and the same substrate DNA molecule (Figure 1 ). Linearized pReco-σ plasmid was injected into oocytes or fertilized eggs and served as a substrate for the recombination machinery. DNA-end joining restored kanamycin-resistance and prevented tetracycline-resistance. Conversely, homologous recombination eliminated the kanamycin gene and restored tetracycline-resistance via overlapping Tet-resistance gene sequences (Figure 1 ). The present study demonstrates an extremely low level of DNA-end joining in oocytes and an enormous activity in fertilized eggs; furthermore, we could show that homologous recombination strongly prevails in oocytes. In time course experiments, both reactions turned out to be very fast, with most of the reaction product being generated after 20 min incubation time. In spite of the overwhelming DNA-end joining activity in eggs and embryos, the homologous recombination machinery is certainly present as well: with increasing amounts of DNA, there is an absolute decrease in the DNA-end joining activity with a concomitant increase in homologous recombination.
Competition for Limiting Factor(s) at High DNA Concentrations?
How can one explain the fact that in fertilized eggs DNAend joining dominates so strongly over homologous recombination, even though both processes are about equally fast? And why does homologous recombination increase in proportion to the increasing DNA concentration, while DNA-end joining at the same time is reduced? We postulate that in Xenopus eggs the alignment factor(s) for DNA-end joining is very abundant and blocks free DNA ends almost immediately, predisposing them for subsequent enzymatic joining. At the same time the factor may protect the ends from exonucleolytic trimming, which seems to be the first step in the homologous recombination pathway via the single-strand annealing mechanism (Maryon and Carroll, 1991 a; Maryon and Carroll, 1991b) . The inhibition of DNA-end joining at high DNA concentrations can be most easily explained by competition for limiting factors. Since DNA-end joining decreases, rather than reaching a plateau (see Figure 3A -C and Table 1 ), this competition cannot be a simple factor titration. Rather, we assume that the necessary factors would have to act in concert, i.e. as dimers or multimers, to join the free DNA ends. One obvious candidate is the multimeric DNA-dependent protein kinase (DNA-PK) which consists of a large catalytic subunit and the DNA-end binding heterodimeric Ku subunits Ku70/Ku80. The involvement of DNA-PK in DNA double-strand break repair [and in V(D)J recombination of immunoreceptors] has been shown by identifying mutations in each of the three subunits of DNA-PK in three different complementation groups of cell lines that are hypersensitive to double-strand break inducing agents, including the mouse seid defect (severe combined immune deficiency) (Jackson and Jeggo, 1995; Weaver, 1995) . As an alternative explanation, the seeming inhibition of DNA-end joining at high DNA concentrations might be due to concatemer formation instead of intramolecular recircularization. Such concatemers are known to transform bacteria very inefficiently (Pfeiffer and Vielmetter, 1988 ). This latter mechanism would however not explain why only DNA-end joining, but not homologous recombination, is adversely affected by increasing DNA concentrations.
How Versatile Is the pReco-σ Vector?
Several other assays have previously been developed to determine DNA-end joining and homologous recombination (e.g. Jasin et al., 1985; RubnitzandSubramani, 1985; Arnheim etal., 1990; Liang and Jasin, 1995) . Each method has its advantages and drawbacks. The pReco-σ plasmid substrate presented here has the advantage that the assay is quick and reproducible and, most importantly, allows the simultaneous testing of both processes with one and the same substrate. One potential problem, however, is the generation of false positive colonies. In spite of extensive restriction digestion and gel purification before injection, a very low amount of undigested material can persist and later give rise to Kan r -colonies. Such false positives can be determined by transforming bacteria with a given amount of linearized DNA that has not been injected into frog oocytes or eggs. Moreover, they can easily be dismissed by a restriction analysis due to their retaining of the linker DNA next to the kanamycin-resistance gene (see Figure 1) . In addition, there is also a background of Tef-colonies. Even though the bacteria used to grow the plasmid are recA", some inefficient recombination process can generate Tet r -plasmids in the bacteria. These background values did not disturb us for the present studies: from the time courses in Figures 3 and 4 it is obvious that there is a rapid and dramatic net increase in colony yield after injection, which can only be explained by recombination processes in the Xenopus host cells. This increase is too fast to result from a mere amplification of injected DMA via DMA replication, which was ruled out also for other reasons (see Results and Figure 5 ). In order to completely avoid any background colonies, the recombination substrate would have to be cloned separately and only be assembled for the assay. This however might also have disadvantages, for example that a bimolecular recombination reaction is much more concentration-dependent than the intramolecular joining assayed here. Another possible limitation of our pReco-σ plasmid is the fact that the length of the homologous stretch is kept invariant at 276 bp, and that one of the homologous stretches is extended on one side by a 1.4 kb segment of non-matching DMA containing the kanamycin-resistance gene (Figure 1 A, B) . On the one hand, the efficiency of homologous recombination correlates positively with the length of the matching DMA segment (Rubnitz and Subramani, 1984; Subramani and Seaton, 1988) , on the other hand the reaction is more efficient when both overlapping DMA sequences are terminal, i.e. when none of the homologous portions is extended by nonmatching DNA (Abastado et a/., 1987; Jeong-Yu and Carroll, 1992) . Therefore, the efficiency of homologous recombination we observe most likely is an underestimate of the capacity of the system, and this could explain the relatively low yield of recombinants from the oocytes (efficiency < 1 %; see Table 1 ). This problem could be overcome by parallel testing of a collection of substrate plasmids with different overlap lengths, with and without nonmatching ends.
What Are the Biological Functions of Homologous Recombination and Nonhomologous DNA-End Joining?
One of the most striking features of the recombination processes in Xenopus eggs and early embryos is the efficient DMA-end joining during the rapid cleavage divisions of the early embryo. In these cells DMA-end joining seems to be the easiest way to repair broken DMA. In a naturally occurring DMA double-strand break, the replication machinery may be stalled to await repair at such a blocked DMA end. Even though the ends are often not perfectly repaired in that nucleotides are missing or extra ones inserted (Pfeiffer and Vielmetter, 1988; see also Weberei a/., 1984; Roth and Wilson, 1988) , we assume that upon DMA double-strand breaks the most urgent task is to ensure chromosomal integrity by quickly joining the DMA ends. Regarding DMA-end joining, one might expect that in any organism this process has to be very efficient in cells that undergo rapid cell divisions. Curiously, however, we found bacteria and yeast to be essentially devoid of this ability: in E. coll HB101 we found very few, if any, false positive colonies due to DMA-end joining of transforming linearized plasmid DMA, and similar results were obtained in the baker's yeast Saccharomyces cerevisiae (\. Stagljar, M. Hagmann and W. Schaffner, unpublished data) . From this it appears that the process is most useful for higher organisms. Frog embryos would indeed have an advantage over bacteria in that most error-prone DMA-end joining events would not distort gene activity for the following reasons.
(i) Most species are diploid, therefore the majority of errors affecting gene expression would be of recessive nature and could be compensated by the homologous chromosome. This effect should be even more pronounced in Xenopus laevis which is pseudotetraploid (Kobel and du Pasquier, 1986 ). (ii) To a very high percentage, the genomes of higher organisms consist of non-essential DMA such as spacers, introns, satellites and other repeats (for a discussion of the role of introns/spacers see Matsuo et a/., 1994) . Therefore, an error-prone DMA-end joining system would have mild or no genetic consequences in more than 95% of all DMA double-strand breaks occurring within the vertebrate genome. In striking contrast to the hectic cleavage activity after fertilization, the process of oocyte maturation extends over several months in the Xenopus ovary. Here, apart from meiotic processes, homologous recombination may be used for high-fidelity repair of DMA doublestrand breaks. We postulate that homologous recombination, due to its biological advantage, will turn out to be particularly efficient, and strongly prevail over the errorprone DMA-end joining, in the oocytes of many species. This might be exploited for gene targeting: we expect that a direct administration of transgenes to individual oocytes or ovaries, e.g. by microneedle injection or by mass transformation using biolistics, will yield a high frequency of homologous integration products. Also, as suggested by the results presented here, residual DMA-end joining may be quenched by the addition of nonhomologous DMA fragments.
Materials and Methods
Plasmid Construction
The recombination vector, designated pReco-σ, was constructed by duplicating a 276 bp stretch (from BamHI to Sail) within the Tef-gene (Figure 1 ) of pAT153 (Twigg and Sherratt, 1980) . Simultaneously, an oligonucleotide containing a multiple cloning site (see below) was inserted between the duplicated parts. A 1.4 kb H ael I-fragment encompassing the Kan r -gene of pMK 16 (Kahn et a/., 1979) was cloned into the Hpal-site of the inserted multiple cloning site. A 200 bp fragment containing the minimal SV40 origin of replication (SV40 nucleotide map position 5172 to 128) was inserted in the unique EcoRI site of pAT153. Finally, a 1.1 kb Sacl-Bglllspacerfragment from OVECS (Westin etal., 1987) consisting of rabbit -globin sequences was cloned into the corresponding sites of the multiple cloning site downstream of the Kan r -gene. This spacer insert was used to monitor successful double digestion by Sacl/Bglll to generate the linearized recombination substrate which was gel-purified after digestion in order to minimize contamination with traces of undigested material.
For the internal reference plasmid pCm184, the Tet r -gene of pACYC 184 (Chang and Cohen, 1978) was destroyed by deleting a 950 bp Hindlll-Nrul fragment, leaving the chloramphenicol-resistance gene as the only selection marker.
Multiple cloning site oligonucleotide:
Xenopus laevis Oocyte Injection (Rungger eta/., 1990)
Xenopus laevis females, purchased from the African Xenopus Facility (Noordhoek, Republic of South Africa), were kept at 23 °C in tanks with a circulating supply of water (low calcium, low chlorine). The animals were fed granulated trout food twice a week and the water was changed entirely on the following day. The females were anaesthesized in 1 % MS222 (3-aminobenzoic acid ethyl ester, Sigma) and sacrificed by decapitation. The ovary was cut into fine pieces, and oocytes were released from their follicle by digestion with 0.2 % collagenase in OR2 solution (82.5 ITIM NaCI, 2.5ITIM KCI, 1 ITIM Na 2 HPO 4 , 5mM Hepes, 5ITIM Polyvinylpyrrolidone; (Wallace et al., 1973) without calcium for 2-3 h at room temperature. Oocytes were centrifuged (400 g, 10 min, 19 °C) in plastic petri dishes to which a 0.8 mm-mesh plastic grid (Z rcher Beuteltuchfabrik, R schlikon, Switzerland) was glued to the bottom with a few drops of CHCI 3 ; this centrifugation brings the nuclei to the surface where their position is indicated by a white area in the pigmented animal hemisphere (Kressmann et al., 1978) . A micromanipulator (Singer Instrument Co., Roadwater Somerset, GB) with a 4:1 gear permitted rapid injection. The injection volume was controlled with an automatic pressure generator (Gabay Co., Geneva, Switzerland). In atypical experiment, 10 nl injection buffer (89 mM NaCI, 1 ITIM KCI, 20 ΙΤΊΜ Hepes, pH 7) containing the DMA mixture with the indicated amounts were injected into the oocyte nucleus (= germinal vesicle, GV). For each time or concentration point, 10 injected oocytes were pooled for DNA extraction (see below). Following injections, the oocytes were incubated for the indicated time periods in OR2 solution containing antibiotics (50 U/ml penicillin, 50μg/ml streptomycin, 20μg/ml kanamycin).
In vitro Fertilization of Eggs and Egg Injections (Thiebaudefa/., 1984)
To procure eggs, a female was injected subcutaneously with mammalian gonadotropic hormone (50 units, followed by another 350 units 4 h later). Eggs were stripped from the female directly into dry petri dishes. A male was sacrificed, and the testes were minced and resuspended in Ringer buffer (113 ΠΓΙΜ NaCI, 2mM KCI, 0.7mM CaCI 2> 2.4mM NaHCO 3 , pH 7.8) to 3 χ 10 7 spermatids/ml (in this buffer, sperm remains immotile and can be kept for several hours). For fertilization, the eggs were incubated with two drops of sperm suspension and six drops of H 2 O for 15 min at 20 °C. Xenopus eggs are covered with a sticky jelly which is removed after fertilization by incubation in 3% cysteine (neutralized to pH 7.8 with NaOH) for 4 min at 20 °C. Injections were carried out 1 h after fertilization, well before the first division which occurs about 2 h after fertilization. Injections were carried out as described for the oocytes. After injections, the embryos were incubated in OR2 buffer with calcium until the 4-cell-stage; then the buffer was diluted by 1 volume H 2 O. After the morula stage, the embryos were incubated in H 2 O with antibiotics. The developmental stages of the embryos were determined according to Nieuwkoop and Faber (1967) .
DNA Extraction
After the indicated incubation times, pools of 10 oocytes or eggs were taken up in 400 μΐ lysis buffer (50 mM NaCI, 50 mM Tris-CI pH 7.5,5mM EDTA, 0.5% SDS, 1 mg/ml Proteinase K), incubated for 40 min at 18 °C (Probst et al., 1979) and frozen at -80 °C. DNA was extracted twice with phenol, once with phenol/dichlormethane and once with dichlormethane. Coextracted RNA was digested with RNase A and DNA was resuspended in 50 μΐ ΤΕ.
Electroporation of E. CO//DH5
40 μΐ portions of electrocompetent E coli DH5 were electroporated with 1-5μΙ of the extracted DNA solution as described by the supplier (Biorad). The DH5 strain was chosen because it is highly competent (1 χ 10 9 colonies per μg pUC18) and because it is recA~. After a one hour recovery phase at 37 °C the bacteria were plated on LB agar plates containing either chloramphenicol (for determination of DNA recovery) or ampicillin. Amp r -colonies were then replica-plated on kanamycin-and tetracyclin-containing LB plates.
